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The system analysis, design, and performance of a control system
an experimental f£light-type hydrogen fuel system are presented. The fue
system was designed to investigabte same of the problems associated with
the utilization of hydrogen as an aircraft fuel Bydrogen was carried

heat exchanger, and in-

in the fuel tank as a cold liquid, vaporized In
jected into the corbustion chamber as a gas. The fuel was forced through

the system by pressurizing the tank. The type of control that appeared
most capsble of coping with the characteristics of this system was a flow
regulator. The flow regulator designed for the system was a differential

reducing-valve type.
Speed control of the engine was obtained by coupling the hydrogen

regulator to the JP-4 fuel control. Because the hydrogen reguletor was
te_speed-
l.>

designed for high dynemic response, the performence of the comple
control system was essentiglly the same on hydrogen as on JP-4 fue
LM TR
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Among the attractive fesgtures of hydrogen as an aireraft fuel are
ite potentialities for increasing the altitude and range of airecreft and
as & hest sink for cooling aircraft and engine camponents during high-
speed flight (ref. 1). The greatest disadvantage of hydrogen as sn air-

eraft fuel is 1ts low density. Even in the liguid state hydrogen occu-
pies a much larger volume than an equivalent amount (in hest content) of
JP-4 fuel. For this reason a flight plan that calls for the use of hy-
drogen only st high altitudes where the fuel requirements are low appears
the most feamsible at present. Such a flight plan calls for tzkeoff and
climb on JP-4 fuel. In this way operation on hydrogen for a reasonable
length of time can be provided without prohibitive volumes.

One of the objectives of a program undertaken to investigate the use
of hydrogen as an aircraft fuel was to study some of the problems that
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occur in such a fuel system in en airplane in flight. With respect to
fuel control the investigation presented two interesting probleme. First,
the use’af dual fuel systems appeared to warrant the study of an inte-
grated control system that would be campatible with both fuels and could
switch between the two fuels without excessive transients. Second, the
hydrogen fuel system employed as a heat sink incorporates a heat exchanger
or vaporizer and injects the fuel into the engine as a gas, factors which
are not present in the JP-4 fuel system. Preliminary ground studies in-
dicated that this system was in some cases unstable, the instabillity being
charascterized by a slow surging oscillation in gas flow (ref. 2).

A flight investigation of a heat-sink type bydrogen fuel system was
accomplished by installing the necessary components on one engine of a
twin-engine high-altitude medium bomber. The JP-4 fuel system for this
engine was left intact and provisions for switchover from JP-4 fuel to
hydrogen fuel at the intended altitude of the investigation were provided.
Prior to the installetion of the fuel system in the aircraft, the com-
plete gystem and component parts were investigated in an altitude test
chamber (ref. 3). The results of the flight of the aircraft on hya_rogen
fuel, which was successful, are presented in reference 4.

This report discusses the influence of the characteristics of the
fuel system, the control requirements of the engine, and the control re-
qulrements of the flight plan on the type of control selected and its
design. Also discussed are some construction details and the general
performance of the control.

CONTROL-SYSTEM ANALYSIS
Hydrogen Fuel System

A schematic drawing of the hydrogen fuel system used for both the

altitude-test-chamber studies and the flight tests 1s shown in figure 1(a).

The system consists of a fuel tank, a vaporizer-type heat exchanger, a
regulator, and a fuel—injectlon.system The tank 1s filled with liquid
hydrogen st stmospheric pressure (temperature, sbout 40° R). It is then
pressurized with gaseous helium at a pressure of about 55 pounds per
square inch absolute to provide & source of liquid hydrogen at sufficient
pressure to overcome all the system pressure losses and to accamplish in-
jection into the combustion chember. The tank and 1ts installation ere
described in reference 4.

A schematic diagram of the vaporizer is shown in figure 1(b). The
exchanger was designed to vaporize the fuel through the heat obtained from
the flow of ram air at altitude across the Iinned tubes. Liquid hydrogen
was introduced at & header at the bottom and gaseocus hydrogen at approx-
imately 60° R was aveilable at the top header. The vaporizer-type heat
exchanger is described in detail in reference 5.

£3589
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The fuel-injection system consisted of 36 tubes (1/4-in.) fed from
a common manifold. Each of these tubes introduced gaseous hydrogen into
the vaporizer tubes of the combustiom chamber (fig. i(c)). The injection
system is described in reference 3. ’

The characteristics of the fuel system that are important with re-
spect to flow regulation are the pressure-flow characterigtics. A sche-
matic representation of these characteristics is shown in figure 2. The
line labeled "combustion-chamber pressure" is characteristic of the
steady-state campressor-discharge pressure plotted against the engine
fuel flow. The line labeled "manifold pressure"” represents the pressure
drop in the injection system added to the compressor-discharge pressure.
The line labeled "supply-system pressure"” is the pressure to which the
fuel tank is subjected. The supply-system pressure line is shown with
a slight decrease with increasing flow, which represents the character-
istic of the regulator applying the helium pressurizing gas plus the
friction losses in the piping and the heat-exchanger loss. The differ-
ence in pressure between that available from the supply system and that
required at the menifold at any given flow is the pressure drop available
for flow control.

Control Reguirements

In a simple system, flow control normally would be obtained by in-
serting a throttling valve in the line. However, in previous experiments
(ref. 2) with this type of fuel system, flow instabilities of a slow
surging nature were encountered. In a low-resistance system such as this
one, the inherent flow regulation is poor. Thus, disturbances (such as a
variation in the energy-release rate in the veporizer, which depends on
liguid level, flow rate, and so forth) manifest themselves as flow varia-
tions in the system. This characterietic of the fuel system requires a
conbtrol incorporating flow regulation.

Other characteristics of the fuel system that complicate the control
requirements are the variations in the pressure-flow characteristics of
the components of the fuel system. For example, the injection-system
pressure-flow characteristic varies markedly with variation in tempera-
ture of the fuel, which at this point in the gystem is in & gaseous state.
Such variations in the pressure-flow characteristics of the fuel-system
components require a type of control that is independent of the
variations.

The engine used in the flight tests was of a type utilizing an axisl-
flow compresSscr, an annular veporizer-type cambustor, a two-stage tur-
bine, and a fixed-area exhaust nozzle. In en engine of this type, the
control requirements are the prevention of overspeed, overtemperature,
compressor surge, and combustor blowout. When using hydrogen as a fuel,
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these game reguirements epply except that the requirement on the minimum
fuel flow to prevent blowout can be greatly relaxed for hydrogen because
of its much wider flammebility limits (ref. 6). In the conventional JP-4
fuel engine comtrol, overspeed, overtemperature, and surge prevention are
obtained by the use of an overspeed governor and a fuel-flow schedule.

The use of & fuel-flow schedule necessitates the measurement of fuel (hy-
drogen) flow. This requirement again suggests the use of a flow-regulator
type of control in the hydrogen fuel system.

Because of the requirements of the f£flight program, it wes desirable
to incorporate a type of control system that would give autamatic control
of engine speed and that could be switched from the regular fuel to hy-
drogen without excessive transients. The requirement of e closed-loop
speed control would make it necessary to regulate fuel flow on the gas-
eous slde of the vaporizer because the large energy-storage capacity of
the veporiger would introduce such a long time constant that closed-loop
operation of an engine-speed control would be very slow compared with
that obtainable with the JP-4 fuel system. '

CONTROL: SELECTION

Much of the preceding discussion on control requirements indicates
the desirabllity of using a flow regulator in the hydrogen fuel system.
Furthermore, a flow regulator appeared necessary to combat fuel-system
instabilities. It also has the desirsble feature of being Insensitive to
variations in the fuel-system-component characteristics and is ameneble
to a fuel-flow schedile for prevention of overtemperature and surge.
Other requirements have indicated that a speed-control system is desir-
able. Becsuse the regular engine control is a speed-control system and
conteins the fuel-flow schedule for surge prevention, it seemed desirable
to utilize ae much of the existing control system as possible. This wes
accomplished by constructing the hydrogen flow regulator as a ratio con-
trol device, that is, such that 1t controlled the weight flow of hydrogen
in a fixed ratio to the weight flow of JP-4 fuel from the engine-speed
control. During operstion with hydrogen in such a system the JP-4 fuel
flow from the engine control was not injected into the engine but wae
diverted back to the fuel tanks after passing through 1ts part of the
hydrogen regulator. The flow ratio was the inverse ratio of the heating
value per pound of the two fuels.

The use of & regulator of this nature in conjunction with the engine-
speed-control system added another dynamic element in the JP-4 fuel speed-
control loop. In order to avold reducing the control-loop gain, which
would reduce the transient performance with either fuel, 1t was necessary
to make the hydrogen regulator in the order of 10 times faster than the
engine, which is the glowest element in the loop. Also, 1t wes neces-
sary to keep the volume of the hydrogen manifold small, so that the lag
essentially defined by its f£illing time would be small compared with the

engine-speed lag.
R

€65%
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The type of flow regulstor selected for the hydrogen fuel system was
a differential reducing valve. This regulastor controls flow by maintain-
ing the pressure drop across an orifice in response to zn ocutside command
through the variation of a valve in series with the orifice. This type
of regulator is insensitive to upstream or downstream pressure variations
within its range and can be made reasonably fast acting. It was coupled,
as previocusly described, to the regular engine control by passing the
JP-4 fuel from the JP-4 fuel control through & device that produced the
flow command signal for the hydrogen flow regulator.

DESCRIPTION AND CONSTRUCTION DETATIS OF CONTROL

The differential-reducing-valve flow regulator used (fig. 3) con-
sigsts of a piston, or diaphragm, subjected to the pressure drop across
the flow-measuring orifice and the force from the outside commend, and
is coupled to a valve in series with the flow-measuring orifice. Any
unbalance of forces will cause the assembly to move until force equilib-
rium is obtained. Thus, a pressure drop across the orifice is set up for
every value of command force. However, the equation for flow through an
orifice also involves the gas density as follows:

W = A+/pAP (1)

where w is weight flow, A 1is orifice area, p 1s density, and AP 1is
the pressure drop across the orifice. A gas-filled bellows 1s sensitive
to the pressure and the temperature of ite enviromment and produces a dis-
placement which is approximaetely proportional to the gas density. When
the movement of such a bellows is used to vary the orifice area A 1in
the fashion 1/+/p, equation (1) becomes

w~ (2)

Because the action of the regulator is to produce & AP for every command
force F applied, equation (2) mey be written

v~ AfF

Thus, a welght flow of hydrogen gas is obtained for each force applied,
and this flow is independent of variations in upstream or downstream
pressure.

This differential reducing valve is converted to a device thaet con-
trols the ratio of flow of hydrogen gas to the flow of JP-4 fuel by cou-
pling it to a device that produces a force as a function of the flow of
JP-4 fuel. The flow of JP-4 fuel is passed through an orifice and the
resulting pressure drop is imposed across a diaphragm to produce a force
that is a function of JP-4 fuel flow as follows:

Wip-a™ V Fip_a
T
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This force is then imposed on the hydrogen regulator to control the weight

flow of hydrogen gas in a constant ratio to the flow of JP-4 fuel. The .
numerical value of the ratio is matched to the ratio required by the

heating values of the fuels by suitable selection of orifice areas, piston

or disphragm areas, and the force-equating linkage ratio.

A schematic drawing of the layout of the ratio regulator is shown in
figure 4(a), and a sectional drawing is shown in figure 4(b). The JP-4
fuel orifjice consists of an annular clearance between the JP-4 fuel pilaston
and the cylinder wall. The force obtained from the JP-4 fuel piston is
transmitted through the pivoted lever assembly to the hydxrogen piston_sys-
tem. The hydrogen orifice is composed of the clearance between the piston
and the wall, and the valve varied by the density-campensating bellows.
The reducing valve is an integral paxrt of the piston assembly and is a
pressure-balanced type.

¢Sy

The hydrogen regulsetor housing and piston and the connecting lever
are all type 347 stainless steel. The density-compensating hellows and
the gealing bellows are brass. All parts assoclated with the bellows
were made of brass so that soft-solder sealing could be used. The other
parts in the hydrogen regulator are brass. The JP-4 fuel piston housing
is aluminum slloy, and the JP-4 fuel piston and shaft are stainless steel.

Both piston assermblies are mounted on linear ball bearings in order
to keep friction as low as possible. The clearances and concentricities
of these assemblies are siich that no sliding friction is involved. The
crosg-lever pivot bearing is a needle bearing. All bearings operste with -
whatever lubrication their respective fluid environments can provide.

Relatively high-resistance heat-~leak paths between the hydrogen and
JP-4 fuel sidés of the regulator are provided so that JP-4 fuel i1s not
solidified. In the mounting bracket that connects the two unite together,
this is accomplished by reducing the cross-sectional area of the mounting
bracket to a minimum. In the lever assenmbly the two sets of bellows with
their large surfaces help conduct heat into the relatively quiescent
fluids surrounding the lever.

Moving seals, such as arocund the lever assembly, were formed by brass
bellows soft-soldered to the corresponding parts. Stationary seals were
formed by narrow soft-aluminum gaskets. Statlonary seals were incorpo-
rated at the point where the lever-assembly bracket attaches to the hydro-
gen valve housing and at the two end flanges of the housing.

GENERAL PERFCORMANCE OF CONTROL

The steady-state and transient characteristics of the ratio regulator
were determined from bench tests, and the performance in the engine-speed

]
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loop was obtalined fram an asltitude-test-chamber evaluation of the engine
and hydrogen fuel gystem. The bench test data were obtained using air at
ambient temperature instead of hydrogen gas at the design tenperature of
60° R. Because the density compensation bellows was designed to operate
in the 40° to 200° R region, 1t was inoperative at the bench test temper-
gtures. Thus the bench dabta present only the ability of the regulstor
to regulate the pressure drop across the metering orifice. With perfect
density compensation assumed, these data indicate the abilility of the con-
trol to regulate gas flow.

Steady-State Response

The steady-state response of the ratio regulator is defined essen-
tially by its ability to hold the flow ratio constant in spite of varia-
tions in upstream or downstream pressure and independent of the gbsolute
level of JP-4 flow. Bench test data are summsrized in figure S to show
the variation of metering orifice pressure drop at several percentages of
rated JP-4 fuel flow as g function of inlet pressure in figure S(a) and
discharge pressure. in figure 5(b). These curves indicate the ability of
the regulator to control the pressure drop across the metering orifice
to the desired vaslue in spite of upstream or downstream pressure varia-
tions. If perfect density compensation is assumed, they also indicgte .
the gbility of the regulator to control the gas flow as a function of
JP-4 fuel flow snd independently of inlet or discharge pressure. Although
the flow ratio maintalined by the regulator over the geries of JP-4 fuel
flows is not shown as such, its relative value may be obtained by caom-
paring the flow percentages of the JP-4 fuel flow and the hydrogen flow.

The reducing valve used was not a tight shubtoff valve, but was de-
signed for good conmtrol characteristics. It therefore permitted a flow
of gas at its minimum-ares position. These curves are labeled “valve
closed" in figure 5. Conversely, there is a maximm valve area, and this
area in series with the orifice will define & maximum-flow curve. This
curve is lebeled "valve ocpen" in figure 5. Because the valve can open to
a wider area than the orifice, this curve is essentially the orifice
pressure-drop characteristie.

The most probable operating pressures for the manifold are also shown
in figure 5(b). The position of this curve on the operating map of the
regulator indicates that rather lerge changes in the manifold pressure
characteristic can be permitted without changing the flow delivered by
the regulaetor. With the manifold pressure characteristic In the position
shown on figure 5(b) the pressure drop across the regulator at 100 per-
cent rated JP-4 fuel flow is approximately 20 pounde per square inch gage
and the discharge pressure is approximately 10 pounds per square inch
gage. The characteristics shown in figure 5(a) for atmospheric discharge
are also spproximately the same for discharge pressures from 1/2 to 2 ,
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atmospheres. Thus, the ordinate may be considered equal to the pressure
drop across the control. For operation with pressure drops near 20
pounds per square inch the flow delivered by the regulator is insensltive
to variations in upstream pressure.

The flow range of this regulator cammot be considered large; how-
ever, it was designed to operate principally at one condition. Extending
the range is primarily a matter of reducing the valve leakage. Another
method, which has less effect, is to operate with a lower orifice pres-
sure drop. This method unfortunately reduces the operating forces in the
regulator so that trouble may be encountered with random effects such as
impurities of a solid nature. The range can be extended almost without
limit by referencing the tank pressure regulator, which sets the supply
pressure, to the pressure downstream of the reducing valve. Thus, there
will be a relatively constant pressure drop available for the reducing
valve. On figure 2 this procedure would change the supply pressure line
to a position espproximately parallel with the manifaold pressure line.

Transient Response

The dynemic characteristics of the regulator can be described by

three transfer functions: hydrogen gas flow as a function of (1) JP-4

* fuel flow, (2) inlet pressure, and (3) outlet pressure. The first trans-
fer function, hydrogen gas flow as a function of JP-4 fuel flow, defines
the dynamic ability of the regulator to change the hydrogen flow in re-
sponse to changes in JP-4 fuel flow. The gecond and third transfer fune-
tions describe the gbillity of the regulator to hold the hydrogen flow in-
dependent of perturbations in elther supply or discharge pressure.

For small perturhations this regulator can be considered linear.
Because all three inputs manifest themselves as forces om the moving as-
sembly, the same break frequency will apply to all transfer functions.
Thus, the dynamic characteristics can be sufficiently described by ob-
taining one of the transfer functions. The transfer function of hydrogen
gas flow to JP-4 fuel flow is the one most important to the stability of
the speed-control loop.

Figure 6 is a plot of bench test data, which show the amplitude and
phage characteristics of hydrogen gas flow to perturbations of +10 per-
cent in JP-4 fuel flow at rated flow. In view of the gbsence of strong
enough trends to indicate a more complicated response, the system must be
described as first order with a break frequency of approximately & cycles
per second. There is some evidence from the amplitude response that the
spring and mass system formed by the piston and sealing bellows assembly
is affecting the response near 12 cycles per second but the phase data
do not indicate a second-order response. The calculated value of the
spring and megs resonant frequency is in the region of 12 cycles per

©6S8Y



4593

CB-2

NACA RM ESTF19 _ S 9

second but varies because of the nonlinear spring rate set up by the
direction in which the sealing bellows are deflected.

The important aspect of this transfer function 1s that the break
frequency is of the order of 100 times the engine bresk frequency at the
altitude of operation. Thus, the ratio regulator will have practically
no effect on the dynamics of the engine-speed-control loop, and no re-
adjustment of control-loop gain will be required.

The regulator will maintain the ability to regulate the gas flow
independently of upstream or downstream pressure variations to the degree
shown by the steady-state data up to the break frequency of 6 cycles per
second. Above this frequency gas-flow variastions will increase at ap-
proximately 6 decibels per octave with frequency of inlet or outlet
pressure perturbations.

Performance in Engine-Speed Loop

In the discussion of the transient response it is noted that the
regulator was of the order of 100 times faster than the engine. The dy-
namics of the regulator would therefore not affect the control-loop re-
sponse. Calculations for the manifold response indicated that its time
constant was of the order of 1/2 second at the rated flow condition.
This makes the manifold response of the order of 5 to 10 timeg the re-
sponse of the engine, and, hence, the control loop will not be affected
to any great extent. ’

Figure 7 is a plot of JP-4 fuel flow to the ratio regulator, engine
speed, compressor discharge pressure, and pressure drop across the mani-
fold as a function of time during which the JP-4 fuel fiow to the ratio
regulator was subjected to & transient. The resulting demped oscillation
in all the varisbles indicates the action of the regular engine control
in recovering from the disturbance. None of the variables indicates any
unstable tendencies. The response shown in figure 7 is quite similsr to
the response cbtained with the normal configuration of the control system
using JP-4 as the engine fuel, which indicates that the dynamic response
of the elements added to the control loop when operating on hydrogen is
gufficiently high that the control-loop dynamics are not affected. The
responses of the control system to throttle bursts conducted during
flight tests were similarly well behaved.

CONCLUDING REMARKS
The fuel tank used in thie investigetion was designed for relatively

low pressures, and thus the total pressure drop availeble from the sup-
ply tank to the engine cambustion chanmber was relatively small. This
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low-resistance-type system has poor flow regulation, that is, small
changes in supply-tank pressure or combustion-chamber pressure can ceuse
large changes in flow. 1In addition, variations within the system, such
as the vaporlzer acting like a pressure generator, can disturb the flow.
A flow regulator tends to stabilize these flow instabillities by introduc-
ing a variable resistance in the system. The exact nature of these in-
stabllities and the contribution of the dynemics of each of the compo-
nents of the fuel system and the engine to them have not been determined.
It 18 probable that configurations of this engine and fuel system could
exist which could nét be stabilized by flow reguwlators. This instebility
is one of the major problems of a low-resistance-type hydrogen fuel sys-
tem incorporating a vaporizer.

The successful performance of the ratio regulator both in the ground
tests and in flight Indicates that the principle of controlling the sec-
ond fuel of a dual fuel system from the primary fuel control is practical.
Such a system is especially attractive 1f one of the fuels has properties
that meske it difficult to handle because mechanical contact with the "un-
friendly" fluid is minimized. Although the experimentsl investigation
was limited to a very nsrrow flight range, primarily because of a supply-
tank pressure limitation, the hydrogen control unit can handle a much
wider range of flows by maintaining the supply pressure somewhat above
the injection menifold pressure.

Lewie Flight Propulsion Laboratory
National Advisory Cammittee for Aeronautics
Cleveland, Chio, July 16, 1857
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